Background. Intravascular ultrasound provides high-resolution images of vascular lumen, plaque, and subjacent structures in the vessel wall; current instrumentation, however, limits the operator to viewing a single, tomographic, two-dimensional image at any one time. Comparative analysis of serial two-dimensional images requires repeated review of the video playback
tomographic image obtained during IVUS examination may offer high-resolution definition of a plaque fracture resulting from balloon angioplasty, details regarding the longitudinal distribution of the same See p 2190 plaque fracture at one site relative to proximal and distal sites cannot be displayed in a single image. In contrast, conventional angiography preserves the advantage of displaying each segment in longitudinal relation to adjacent and more distant segments; once contrast media has opacified the artery of interest, any individual segment may be compared with adjacent and distant segments, limited only by the field of view.
Three-dimensional reconstruction of serially recorded tomographic images represents a possible solution to the limited spatial display features characteristic of current IVUS imaging systems. Accordingly, computer-based, automated three-dimensional reconstruction was used to generate a tangible format with which to assess and compare serially recorded, individual two-dimensional IVUS images. The purpose of the present investigation was to establish the feasibility and practicality of threedimensional reconstruction and to determine which aspects of vessel wall morphology can be optimally defined by this novel image-processing modality.
Methods Intravascular ultrasound catheter. The intravascular ultrasound (IVUS) catheter (Boston Scientific, Watertown, Mass.) used for evaluation of the lower extremity vasculature in the present investigation consists of a wire-guided, braided polyethylene outer shell enclosing a rotary drive shaft with a single element transducer at its tip.11 The catheter has an outer dimension of 6.2F and a total length of 95 cm. The guide wire enters via a port in the distal catheter tip (outer dimension, 1.5 mm), exits the catheter 2.6 cm from the tip, then passes through a 2.4-cm-long sidesaddle beginning 8 mm proximal to the transducer window. A 0.018-or 0.025-in. guide wire was used in conjunction with this catheter; the catheter/ wire combination was typically advanced via a conventional 8F introducer sheath except in cases in which the primary interventional instrument required a larger sheath. An integral sonolucent window permits ultrasound transmission at less than 7 dB attenuation while providing sufficient mechanical strength for catheter manipulation. Nominal transducer center frequency is 20 MHz with a fractional bandwidth of greater than 40%. The transducer aperture is 1 mm laterally and is lens focused to an average distance of 2 mm. Imaging is accomplished from the surface of the catheter to a depth of [8] [9] [10] mm. Lateral resolution of this system is approximately 0.1 mm and axial resolution is approximately 0.05 mm. Significant beam spreading develops beyond 5 mm axial distance.
The IVUS catheter used for imaging of the coronary and renal circulations has an outer diameter of 4.8F but is otherwise similar in design concept to the 6.2F device. The version used in the present series of examinations has a single distal 1-cm wire port with no proximal sidesaddle, a total length of 126 cm, and accommodates a 0.014-in. guide wire. The catheter/wire may be introduced through a conventional 8F angioplasty guiding catheter; in the present investigation, a large-lumen (0.082-in. inner diameter) 8F guiding catheter (SuperflowTM, Schneider, Minneapolis, Minn.) was used to optimize injection of contrast media during IVUS examination. Nominal transducer center frequency (20 MHz) and fractional bandwidth (>40%) are identical to the 6.2F device. This transducer aperture is 0.75 mm laterally and is lens focused to an average distance of 4 mm. Imaging is accomplished from the catheter surface to a depth of field of 7 mm. Lateral resolution is approximately 0.1 mm, and axial resolution is approximately 0.05 mm.
Both catheters were used with an imaging console adapted for 20 MHz operation and 360-degree scans (Diasonics, Milpitas, Calif.). The pulse repetition frequency used was 30 kHz. The number of scans per second was 15 , corresponding to 900 rpm. The number of vectors scanned in one revolution was 1,024. Vectors were converted, stored, processed, and displayed through a real-time scan converter with standard video output allowing images to be archived on videotape or a multiformat film camera for later study.
The drive motor was equipped with a currentsensing circuit that de-energized the drive system if a predetermined torque value was exceeded. This safety feature prevents possible damage from kinking of the catheter, which might otherwise cause rupture of the outer layers of the sterile barrier and subsequent contamination of the drive shaft by the patient's blood, thus eliminating the possibility of transducer reuse. In the present investigation, all 6.2F transducers were water rinsed, dried, and sterilized using cold ethylene oxide for a minimum aeration time of 16 hours after each patient use; the catheters (outer shell) were disposed of after a single patient use. The 4.8F coronary and renal devices were pre assembled as a transducer/catheter unit and were discarded after single use.
Both the 6.2 and 4.8F catheters were prepared for imaging by injection of sterile water directly into the acoustic chamber by using a 27-gauge hypodermic needle and 1-ml syringe through a specially prepared, resealable distal catheter tip. The resealable tip allowed the needle to pass into and fill the chamber without introducing air bubbles while maintaining a tight fluid seal.
Patients. Patients undergoing percutaneous interventional therapy for vascular disease involving the lower extremities, renal arteries, or coronary arteries were asked to participate in this clinical investigation according to a protocol approved by the Human Boundary formation is achieved by considering for each voxel the six neighboring voxels that share a face with the voxel in question; a given voxel face is defined as a boundary element if its neighbor meets the specified threshold conditions.
In the program (OMNIVIEW) used in the present study, the first three steps (segmentation, interpolation, and boundary formation) are combined into a single module, entitled Boundary. The surface rendering step is implemented as a separate module, entitled Render. The Render module combines hidden-part removal, shading, and antialiasing techniques described by Raya et al15 to create a depiction of the three-dimensional image on the two-dimensional display screen. Certain modifications have been incorporated into the original software to improve efficiency and optimize performance for use with a personal computer. First, rendering is entirely driven by look-up tables, thus obviating the need for expensive computations. Second, hidden-part removal is achieved by means of a Z-buffer algorithm. Third, the shading method used, generally known as gray-scale shading, uses a customized encoding and decoding mechanism.
Three-dimensional image display. Reconstructed data sets were presented in either a cylindrical or sagittal orientation. Three-dimensional reconstructions were displayed on the SciView monitor, and images were manipulated using a standard computer mouse.
To ascertain the potential of the three-dimensional reconstruction to enhance and/or facilitate recognition of morphological disruptions in the vessel wall, representative sagittal reconstructions from 52 patients were compared with serially recorded twodimensional images obtained during the identical pullback. The two-dimensional images and threedimensional reconstruction were each systematically analyzed for evidence of plaque fractures, defined as discontinuity in the wall and/or plaque perpendicular to the endoluminal surface, and dissections, defined as more extensive disruption including a longitudinal, circumferential, or spiral component. Features observed by one modality (two-dimensional IVUS versus three-dimensional reconstruction) but not readily apparent by the other were noted as well. Finally, a subjective judgment was made regarding the relative (10) and/or laser (two) coronary angioplasty, ag well as catheterization (two). In 20 lower extremity, four dialysis fistulae, and one renal revascularization procedure, data for three-dimensional reconstruction were acquired both pre-and postintervention. Certain clinical data regarding the 52 patients involved in the present investigation are summarized in Table 1 . 16 In all of the above cases, one or more timed pullback recordings of the two-dimensional examination were obtained for three-dimensional reconstruction and, in all cases, satisfactory three-dimensional reconstruction was accomplished. three-dimensional reconstruction. In contrast, the maximal extent of circumferential involvement was more optimally illustrated by one or more tomographic (two-dimensional) IVUS images.
The following representative cases have been selected for individual discussion because they illustrate, in the first case, the sequence of recoding and reconstructing an arterial segment and, in the subsequent cases, specific applications and/or uses of three-dimensional reconstruction.
Reconstruction of Normal Arterial Segment
Acquisition oftwo-dimensional IVUS images. Shown in Figure IA is the diagnostic angiogram of an apparently normal segment of superficial femoral artery (SFA). A representative two-dimensional IVUS image obtained from this segment of the SFA ( Figure 1B ) confirms the angiographic diagnosis of a normal arterial segment: The typical three-layered appearance of the normal arterial wall is preserved over most of the arterial circumference, and there is no evidence of luminal narrowing. Shown in Figure  1C is the digitized version of a representative IVUS image obtained during pullback through this artery (the IVUS catheter has been removed using the mask function of the software program). The complete set of 128 two-dimensional IVUS images acquired during this pullback may be reviewed in a closed cine loop or displayed in a tabloid format ( Figure 1D ).
Cylindrical three-dimensional format. Reconstructed data sets were represented in two three-dimensional formats: cylindrical and sagittal. For cylindrical viewing, a specific region of interest, defined as the entire arterial circumference or any portion thereof, was selected for reconstruction from each stored image set. The option of identifying a particular region of interest for selective cylindrical reconstruction could also be used to "unroof" the vessel and thereby view the contour of the intimal surface and certain intraluminal details. Shown in Figure 2A is a representative frame from the stored set of two-dimensional IVUS images obtained from the normal SFA illustrated in Figure 1 ; a region of interest encompassing 1800 of the arterial circumference has been identified. Shown in Figure 2B is the cylindrical depiction of the SFA produced when the boundary lines are drawn to encompass the hemisegmental ultrasound images shown in Figure 2A . Figure 2C illustrates the same cylindrical reconstruction viewed from another angle obtained by using the manipulator function to rotate the image to visualize the intimal surface. In most cases, angles of rotation and tilt were chosen to produce a set of 30 different cylindrical images; the reconstructed vascular segment was thus displayed rotating about an arbitrary axis.
Sagittal three-dimensional format. Sagittal three-dimensional reconstruction from each stored set of two-dimensional IVUS images yielded a series of longitudinally oriented representations revolving about the axis of the IVUS catheter. Shown in Figure  2D is a sagittal view of the normal SFA described above. Typically, 30 sagittal planes were reconstructed for each artery by systematically revolving the artery at 60 intervals around the catheter; the number of sagittal planes that potentially could be reconstructed from any given artery, however, was unlimited.
Reconstruction ofAtherosclerotic Arterial Segment
Three-dimensional reconstruction, particularly in the sagittal format, facilitated analysis of the longitudinal and circumferential distribution of atherosclerotic lesions. Shown in Figure 3 are a representative two-dimensional IVUS image and a reconstructed sagittal view of a preintervention atherosclerotic iliac artery. The two-dimensional IVUS frame ( Figure 3A) shows eccentric plaque and corresponds to the level at which plaque is demonstrated in the sagittal format ( Figure 3B ). Viewed in this particular reconstruction, atherosclerotic plaque appears to be localized to the midsegment of this artery. Revolving the orientation of sagittal reconstruction approximately 600, however, demonstrates that the eccentric plaque extends throughout the entire length of this segment of the iliac artery ( Figure 3C ). The cylindrical reconstructions of the same arterial segment are illustrated in Figure 3D .
Reconstruction Preintervention Versus Postintervention
Local plaque fiacture of peripheral artery post-balloon angioplasty (percutaneous transluminal angioplasty, PTA). Three-dimensional reconstruction facilitated evaluation of the effects of percutaneous intervention on plaque topography and luminal narrowing postrecanalization. Moreover, three-dimensional reconstruction assisted in defining the extent of intervention-related injury from localized plaque fractures to more complicated, spiraling, doublebarreled dissections. The pre-PTA three-dimensional sagittal reconstruction shown in Figure 4B , for example, illustrates the topographical complexity and longitudinal disposition of the site of maximum luminal diameter narrowing. The image demonstrates marked luminal narrowing with plaque abutting both sides of the catheter. The post-PTA sagittal reconstruction shown in Figure 4D documents the extent of enhanced luminal patency and a characteristic plaque fracture. Reconstructions obtained pre-and post-PTA in a cylindrical format, obtained during iliac artery angioplasty, are illustrated in Figure 5 .
Dissection post-PTA of nonoccluded peripheral artery. Figures 6a and 6d illustrate the pre-and post-PTA angiograms in a patient with a stenosis at the bifurcation of the common iliac artery. The sagittal reconstruction developed from a pre-PTA, two-dimensional ultrasound pullback is shown in Figure 6b ; revolving this reconstructed data set to view the vessel from another angle reveals the origin and proximal portion of the internal iliac artery ( Figure  6c ). The post-PTA sagittal reconstruction (Figure 6e) shows enhanced luminal patency associated with a prominent dissection between plaque and underlying media. Revolving the reconstructed artery approximately 60°about the longitudinal axis of the catheter again reveals the origin of the internal iliac artery, which now has a dissection extending into its proximal segment (Figure 6f ). The dissection is evident on the post-PTA angiogram (Figure 6d ) but with less detail.
Dissection post-PTA of previously occluded peripheral artery. The 10-cm total SFA occlusion shown in Figure 7 was recanalized with a hydrophilic guide wire (Glidewire'M, Terumo, Piscataway, N.J.) followed by balloon dilation. The post-PTA angiogram demonstrates satisfactory angiographic patency, with the hazy appearance typical of a revascularized total occlusion. Individual tomographic two-dimensional IVUS frames suggested that there was a doublebarrel lumen (Figure 8 , IVUS frames 1-5); the second lumen in fact appears to be surrounded by a three-layered wall, suggesting that it may represent the true lumen and that the IVUS catheter has been advanced over the wire positioned in a false (subintimal) channel secondarily enlarged by balloon dilation. The apparent true lumen appears to spiral around the false channel encompassing the IVUS catheter.
Sagittal images created by three-dimensional reconstruction graphically confirm this impression. The two reconstructed images shown in Figure 8 represent orthogonal views of the same segment of recanalized SFA, constituting the equivalent of a biplane angiographic study. The reconstruction illustrated on the left shows a collateral branch originating proximal to the site of prior occlusion; there is residual narrowing of the recanalized segment. In the reconstruction shown on the right, the IVUS catheter can be seen entering directly into the plaque, thus creating a subintimal tract at the site of prior occlusion. Dense, apparently calcified plaque (note subjacent shadowing effect) is located at the origin of the lesion and may have been responsible for deflecting the guide wire into a subintimal position. Further distally in the SFA, the IVUS catheter can be clearly seen reentering the true lumen bordered by three-layered wall/media on both sides. Despite the fact that angioplasty in this case was complicated by creation of a moderately lengthy subintimal dissection, revascularization in this patient was clinically successful with noninvasive evidence of persistent patency at 3-month follow-up.
Endovascular stent deployment in lower extremity vasculature. Figure 9 demonstrates three-dimensional reconstruction of a dissected iliac artery after implantation of an endovascular stent. Balloon dilation of this external iliac artery resulted in an extensive albeit non-flow-limiting dissection, the length of which exceeded that of the stent. Shown in Figure 9A is a representative two-dimensional IVUS image obtained from the dilated segment just distal to area of stent deployment. A double-barrel lumen has been created due to a large dissection flap. Figure 9B as evidenced by "drop out," or shadowing of the subjacent structures.
On-line Reconstruction
In five patients among this initial cohort, threedimensional reconstruction was performed during the interventional procedure. In each case, reconstructed images were obtained within 90 seconds of completing the two-dimensional IVUS pullback recording. Figure 4 , for example, illustrates representative sagittal three-dimensional reconstructions of a stenotic iliac artery generated 75 seconds after pre-PTA two-dimensional pullback ( Figure 4A ) and 72 seconds after post-PTA two-dimensional pullback ( Figure 4B ), respectively. In four cases of on-line reconstruction, generation of three-dimensional images was limited to the sagittal format; in the fifth case, a revised software program was used to obtain both sagittal and cylindrical views.
Discussion
Previous in vitro'7-22 and in vivo'l1-investigations have established the feasibility of obtaining highresolution ultrasound images of the vascular tree. The findings in the present study indicate that such images may be used to reconstruct a three-dimensional representation of variable lengths of artery.
Original attempts to perform three-dimensional reconstructions in our laboratory involved the use of less automated software (SigmaScan, Jandel Scientific, Corte Madera, Calif.) that required manual morphometric tracing of each serial tomographic image followed by computer-aided reconstruction. 23 The more detail intended, the more images were pullbacks performed during procedure (before and after dilation) generated two-dimensional image sets, each of which was used to create multiple (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) required, and consequently the more labor-intensive was the reconstruction. The principal liability of this approach, however, related to the fact that the modeling technique was based exclusively on boundary depiction and therefore allowed three-dimensional reconstruction of the lumen but not the arterial wall. Such an approach would clearly squander one of the chief assets of intravascular ultrasound, namely the capability to image the vessel wall and thereby evaluate characteristics of the native wall, as well as pathological alterations resulting from interventional therapies.
Automated three-dimensional reconstruction of intravascular ultrasound images was investigated in a preliminary fashion by Kitney et al24 using voxel modeling. This approach considers each voxel, or volume element, as an extension to three-dimensional space of the digital image element, or pixel (picture element). Voxel modeling is a particularly attractive option for three-dimensional reconstruction of the vasculature because it allows representation of the arterial wall rather than simply surface features that would limit the reconstruction to the arterial lumen. The surface rendering process used in the present study is predicated on segmented boundary formation but includes interpolative algorithms designed to link boundary elements and thereby preserve the capability of viewing the arterial wall and lumen.
Analysis of the three-dimensional reconstructions recorded in the present series of patients suggests that these images may supplement analysis of conventional two-dimensional images. Conventional intravascular ultrasound systems. while presenting detailed anatomy of the arterial wall and lumen, are limited to serial display of two-dimensional tomographic images. Comparison of one or several twodimensional images to an adjacent series of images requires repeated review of the video playback recorded during the two-dimensional examination, followed by a "mind's eye" type of imagined reconstruction. In contrast, automated three-dimensional reconstruction offers a tangible format with which to assess and compare a "stacked" series of two-dimensional images. Preliminary analysis comparing twoversus three-dimensional imaging of identical segments suggests that although information regarding morphological alterations is generally visible by the former, abnormalities were often more easily de- tected, and their full extent was better defined by three-dimensional processing.
Use of the sagittal format in particular not only facilitates comparative analysis of adjacent tomographic images but offers the additional advantage of displaying the ultrasound data in a longitudinal profile-type format more familiar to the angiographer. While similar in orientation to an angiogram, sagittal reconstruction substantially augments information available from conventional angiography in two important ways. First, limitless orthogonal views can be rendered by incremental rotation of the imaging plane about the reference catheter. Given the documented importance of orthogonal views in the assessment of luminal narrowing25 on the one hand and the logistical factors that frequently obviate the possibility of obtaining orthogonal views on the other, this feature may ultimately prove to be the principal advantage of three-dimensional reconstruction.
Second, information regarding pathological alteration of the arterial wall is provided simultaneously with the conventional assessment of luminal diameter narrowing. Experience with several of the patients in the present series undergoing percutaneous revascularization indicates that certain features of arterial wall pathology are particularly well defined in such a longitudinal format. For example, three-dimensional reconstruction in the sagittal mode graphically demonstrated that recanalization of a lengthy total occlusion was achieved by tunneling a false lumen through calcified plaque. Such a mechanism of recanalization has been previously described in vitro2627 and is frequently inferred to occur in vivo,28 but in the present case, definition equivalent to the reconstructed ultrasound image was absent from the completion angiogram. Although the individual tomographic ultrasound images indicated creation of a double-barrel lumen, the full extent of pathological disruption was more immediately apparent from inspection of the sagittal reconstructions. Similarly, sagittal reconstructions of balloon-dilated nonoccluded vessels demonstrated the longitudinal distribution of barotraumatic injury otherwise evident as only local, isolated plaque fractures on the tomographic two-dimensional IVUS images.
Experience with the cylindrical format suggests that this mode of three-dimensional reconstruction (particularly when the reconstructed vascular segment is hemisected) is optimally suited for those cases in which direct inspection of luminal topography is of special interest, such as analysis of implanted endovascular prostheses. Details of the "cobblestoned" neointima lining the stent cannot be appreciated angiographically or even by intravascular ultrasound when viewed in standard video format29; the algorithms developed to accomplish the cylindrical reconstruction serve the dual functions of both joining together the series of adjacent elements representing the neointima and then rotating the reconstructed image 90 to permit viewing of the endoluminal surface en face. The sagittal reconstruction supplements the cylindrical format by facilitating analysis of arterial contour proximal and distal to the stent; such analysis is otherwise not feasible using the unassembled tomographic images.
Certain limitations of the present study must be acknowledged: First, it is apparent that the quality of the three-dimensional reconstructions can only be as good as the original two-dimensional images. Details absent from the original recordings will likewise be absent from the reconstructed images. In those instances when calcific deposits, for example, are observed on the two-dimensional images to attenuate echoes from the subjacent plaque and/or wall, these portions of the plaque and/or wall will not be incorporated into the reconstructed image.
Second, "ring-down artifact" resulting from dead space in the acoustic transmission path and manifested on the two-dimensional image as a white halo immediately peripheral to the transducer may obscure near-field structures in smaller, particularly stenotic vessels. In the present study, such artifact was routinely masked out of the three-dimensional reconstructions; in those cases in which reconstruction is applied to two-dimensional images with little or no lumen peripheral to the transducer, such masking could overestimate three-dimensional depiction of luminal patency. Current attempts by the manufacturers of mechanical transducer systems to eliminate such artifact might resolve this issue.
Third, while major branch points such as the aortic bifurcation are accurately depicted in the threedimensional reconstruction, the two-dimensional images are otherwise reassembled as a straight tube; sharp bends in the artery are not faithfully reconstructed on either the two-or three-dimensional images. While this is typically not a severe liability in evaluation of the peripheral and renal circulations, it may become more significant in the assessment of the more tortuous coronary circulation.
Fourth, three-dimensional reconstruction shares with conventional intravascular ultrasound imaging the difficulty of matching the rotational orientation of the ultrasound transducer to that of the imaged vessel. Furthermore, if the ultrasound probe is inadvertently twisted during the pullback recording, the three-dimensional reconstruction will reflect this rotational event.
Fifth, in all studies performed to date, the twodimensional images have been acquired during a slow (approximately 0.25 cm/sec), timed catheter pullback; this strategy is intended to optimize the number of acquired images over a given segment length and provide equal representation for each portion of the artery in the reconstructed image. Such catheter pullback, however, is entirely operator dependent and small variations in the rate of pullback may ultimately influence the three-dimensional representation. For example, if the catheter withdrawal rate is slowed during pullback through an abnormal segment of vessel and subsequently accelerated through a more normal segment, the abnormal segment will occupy proportionally more than its true length of the resulting reconstruction. This phenomenon is particularly likely to occur when there is a tendency for the operator to slow catheter movement through abnormal segments to achieve closer inspection of morphological disruptions. To minimize this variable in the present investigation, the sole focus of the operator performing the pullback was to observe the catheter as it was withdrawn through the sheath or guiding catheter; analysis of two-dimensional ultrasound image registration was performed before and/or after the pullback recording. This acquisition technique is currently being modified to include automated image registration that will be less operator dependent. One such potential modification is to alter the acquisition mode so that it will be based on regular distance intervals (in contrast to the current system of time-interval based image acquisition).
The resolution of current three-dimensional reconstructions, particularly regarding longitudinal features, is quite dependent upon the distance interval between digitized ultrasound frames. The computer work station used in the present study enables acquisition of up to seven frames per second and 128 frames per image set. Using a typical pullback rate of 0.25 cm/sec, the number of ultrasound frames stored per centimeter of vessel was approximately 28 ; the length of vessel reconstructed would be nearly 5 cm. Reconstructions produced by such pullbacks were visually appealing, had well-defined longitudinal features, and enabled detailed assessment of morphological disruptions in the arterial wall.
More rapid pullback with less frequent sampling, while providing a longer segment for reconstruction, leads to more potential for distortion of longitudinally disposed features. Parenthetically, slower pullback enables more frequent sampling and provides less opportunity for computer-generated distortion (e.g., distortion caused by "smoothing" algorithms); the liability of this approach, however, is that length of reconstructed vessel is severely shortened. Preliminary investigation311 in our laboratory to determine optimal pullback rate (e.g., that required to minimize image distortion and maximize length for reconstruction) has shown that, for normal vessels, more than 15 frames must be stored for each centimeter of vessel to avoid gross image distortion and blurring of details; for vessels with complex topography or disrupted plaque, at least 20 frames per centimeter of vessel must be stored for adequate characterization. porated that will permit automated quantitative analysis of cross-sectional area from the cylindrical reconstructions. Second, characterization of plaque composition, long an elusive goal of vascular imaging, may be facilitated by three-dimensional reconstruction. Preliminary applications of intravascular ultrasound suggest that it is more sensitive than conventional fluoroscopy for detection of vascular calcific deposits and, furthermore, is capable of distinguishing predominantly fibrotic from predominantly fatty plaque.6 While manual morphometric assessment of each two-dimensional frame recorded during an intravascular ultrasound examination is an impractical means by which to analyze tissue composition, preliminary applications suggest that computer-aided analyses of reconstructed three-dimensional images may make such qualitative assessment feasible.
